In the first 3 mo of 1998, an aseasonal tropical rain forest at Lambir Hills National Park on the north-west coast of Borneo suffered an unusually severe drought. Extreme climatic events such as this one are expected to influence tree population structure and community dynamics through differential effects on growth and mortality. The demographics of seedlings of seven shade-tolerant tree species, including two dipterocarps, during this severe drought were contrasted with baseline demographic data from two earlier census intervals, one of which included a slight drought, and one of which included no drought. Hemispherical photographs were used to document an opening of the canopy that resulted from the dieback and mortality of large trees during the severe 1998 drought. Seedlings that experienced an increase in canopy openness were less likely to die than other seedlings. Rates of mortality and height loss were significantly increased in association with drought. The overall mortality rates during the severe drought and slight drought census intervals were 8.2% y −1 and 7.3% y −1 respectively, compared with 4.9% y −1 for the non-drought census interval. The incidence of height loss during the severe drought census interval was 27.5%, compared with rates of 11.7% and 20.1% for earlier census intervals. Dipterocarp species were less affected than some non-dipterocarp species, and the smallest seedlings suffered the greatest impact. If droughts in this region continue to increase in intensity and severity, they may ultimately cause a change in the species population densities and stand structure of the understorey seedling community of this rain forest.
INTRODUCTION
Local and global land-use transformations, habitat fragmentation, greenhouse gas emissions, and alterations to the hydrogeological cycle are all expected to contribute to a change in climate characterized by increasingly extreme weather (Intergovernmental Panel on Climate Change Working Group I 2001) . In the context of concerns over global climate change and its impact on tropical rain forests (Markham 1998 , Primack & Hall 1992 , Whitmore 1989 , it is noteworthy that the El Niño Southern Oscillation (ENSO) droughts in South-East Asia have been increasing in frequency and intensity over recent decades (Salafsky 1998 , Walsh 1996 . ENSO-associated events, including droughts, are likely to become more frequent and more extreme (Meehl 1997 , Timmerman et al. 1999 . Non-drought years may be essential for the production of a substantial population of seedlings to supply the replacements for canopy trees when they die (Becker et al. 1998 ).
rainfall at LHNP from January-March 1998 was less than a quarter of the mean rainfall for these 3 mo (Nakagawa et al. 2000) . As a result of the 1998 drought, there was an increase in the mortality rates of trees in this forest (Nakagawa et al. 2000) . During the drought, tree mortality rates were 5-7 times the tree mortality rates during a predrought period. Dipterocarp trees at LHNP were disproportionately affected by the severe 1998 drought, with mortality rates 12-30 times higher than during the earlier non-drought period. In addition, the drought also caused the local extinction of insect pollinators of Ficus spp. (Harrison 2000) . The effects of this drought were also evident in Bornean heath forest and in summit vegetation on Mt. Kinabalu (Kudo & Kitayama 1999) .
Tree seedlings in neotropical rain forests have shown increased mortality rates after only 1 mo with rainfall < 100 mm (Hartshorn 1992) . Moreover, the seedlings (by our size-class definition) of some trees species in Bornean heath forest showed evidence of water stress during the same 1998 drought (Cao 2000) . Additionally, the mortality of large trees can cause an opening in the forest canopy, allowing light into the understorey, possibly affecting natural regeneration processes (Hartshorn 1978) .
The effect of an extended dry period on seedling demographics in aseasonal tropical forest has remained for the most part uninvestigated (Whitmore 1998) . Most studies of the impact of drought on tropical tree seedlings lack pre-drought demographic data, creating difficulty in the interpretation of post-drought data (Becker & Wong 1994 , Leighton & Wirawan 1986 ). In the study reported here, we had collected 10 y of data on seedling growth and mortality prior to the 1998 drought for seven shadetolerant tree species, and performed assessment of understorey light availability. This 10-y study period included two census intervals of comparable length to the census interval that included the severe 1998 drought. One of these census intervals included a slight drought, and the other had no drought. An additional seedling census and a second set of light measurements taken after the severe 1998 drought were used in combination with these baseline data to determine the effects of drought on natural regeneration processes in this forest. Long-term studies such as this one are important because they can show whether a forest is affected by changes in climate, changes that do not respect a forest's protected status (Primack 1992) . In this study, drought takes the form of a natural experiment, making it possible to evaluate the impact of drought on a set of shade-tolerant seedlings.
STUDY SITE AND SPECIES

History of the plots
The study focused on the population dynamics of tree seedlings before and during a severe drought at a forest reserve at Lambir Hills National Park (LHNP) (4°20′N, 113°50′E) near the north-coast town of Miri, in the Malaysian State of Sarawak, Borneo. Droughts of this severity are uncommon in this region, and the 1998 drought was expected to affect the rates of seedling growth and mortality.
In 1965, the Sarawak Forest Department established research sites in Borneo for an on-going long-term study of trees ͧ 10 cm diameter at breast height (130 cm above the point of emergence from the ground) (Ashton & Hall 1992) . The LHNP research site has four permanent plots, numbered 2-5, each 0.6 ha in area. Plots 2, 3 and 5 are 100 m × 60 m, and Plot 4 is 20 m × 300 m (Hall & Primack 1987) .
A large amount of background material on the soils, hydrology, vegetation, tree demography and systematics of this forest has been published (Ashton 1969 , Ashton & Hall 1992 , Baillie et al. 1987 , Hall 1991 , Palmiotto 1998 , Primack & Hall 1992 . Data collected from the 0.6-ha plots over the 1965-1985 period were used to analyse forest structure and community composition (Ashton & Hall 1992 , Hall 1991 , Primack & Hall 1992 . The forest canopy is 35-40 m in height, and the forest itself is moderately stable in stand structure in comparison with other mixed dipterocarp forests in Sarawak. A 52-ha long-term research plot at the site is producing extensive information on reproductive ecology and tree demographics (for example Ashton 1996 , Davies 2001 , Davies et al. 1998 , Itoh et al. 1997 . The 52-ha plot was superimposed on the long-term research plots described here, so that Plots 2, 3 and 5 and approximately half of Plot 4 are included in the larger plot.
Climate
The climate in this region is considered aseasonal, but has annual variation in rainfall, with the wettest season normally beginning in September and ending in January (Brünig 1969) . It rains almost every day, even during the drier months. While annual rainfall totals are typically high, the temporal distribution of rainfall can be quite variable leading to moderate, or less frequently, severe water stress for plants (Baillie 1976) . While north-west Borneo has a history of short and infrequent seasonal and periodic droughts (defined as < 100 mm mo −1 rainfall in Brünig 1969), dry periods in Sarawak are rarely ͧ 3 mo (Walsh 1996 , Walsh & Newbery 1999 , Whitmore 1984 . In north-west Borneo, mild moisture stress is expected to occur 30-90 d y , and short-term severe droughts occur almost annually.
Topography and soils
The topography at LHNP is hilly and complex, with many steep slopes and occasional landslips . The research plots span an altitudinal range of 120 m asl. A portion of Plot 4 runs along a ridge. Palmiotto (1995 Palmiotto ( , 1998 ) performed a detailed analysis of soil types for the 52-ha plot at this site. In his study, Palmiotto (1998) defined humult soils as those with a root-mat depth ͧ1 cm and a soil texture of loam to sandy loam, and udult soils as clay to loam soils without a measurable root mat. The soils in the 52-ha plot range in texture from clay loam to sandy loam. Plot 2 is dominated by deep udult clay loam soils, with a mixture of soil types ranging from udult to humult. Plots 3 and 5 are on a mixture of soil types that range from an intermediate type, between udult and humult, to humult. Plot 4 is on humult ultisol (Ashton & Hall 1992 ). Soil texture is likely to affect floristic composition in mixed dipterocarp forests through its influence on water availability (Newbery et al. 1996 , Palmiotto 1998 . However, although seedling locations by plot were considered in the analysis, soil type itself was not considered due to the patchwork nature of the soil type distributions and our lack of knowledge concerning the soil types for individual seedlings.
Study species
Seven shade-tolerant tree species, including two species of the ecologically and economically important Dipterocarpaceae were included in the study ( Table 1 ). All of the Total area censused was 800 m 2 , except for E. tapos in ND, which was sampled in 2.4 ha. The seedlings censused in ND were a subsample within the same area. study species are shade-tolerant 'climax species' as defined by Swaine & Whitmore (1988) . The study species were selected such that trees of each were common within the plots, and the seedlings were easily identifiable in the field (Hall & Primack 1987 Delissio et al. (2002) .
The long-term demographics of the seedlings of the study species (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) were described in Delissio et al. (2002) . Seedlings of the study species are exceptionally long-lived and have the ability to recover rapid growth following periods of suppression. That investigation also showed evidence of seedling establishment events. Elateriospermum tapos had large numbers of new seedlings at the 1988 census, and A. borneensis and S. beccariana had large numbers of new seedlings at the 1996 census. However, all of the seedlings present in 1986 were of unknown age, the ages of the new seedlings present in 1988 were known to ± 1 y, and the ages of the new seedlings present in 1996 were known to ± 3 y. Therefore, the age structures of these samples were not comparable in this analysis.
METHODS
Census
The seedlings were censused in four 0.6-ha study plots. Three of the study plots, numbered 2, 3 and 5, each had four seedling transects, measuring 2 m × 100 m. Plot 4 had three seedling transects, one 2 m × 100 m, one 2 m × 240 m, and one 2 m × 60 m, for the same total length in all plots. The plots were also divided into 10-m × 10-m quadrats. At each census, seedlings of the study species were mapped and labelled with permanent identification tags. Seedlings were defined as individuals ͧ 20 cm in height and < 1 cm in stem diameter at 130 cm above the ground. Height, and survival or mortality, were recorded at each census. New recruits were added to the study at each census.
To increase sample size, the seedlings of E. tapos only were censused in the quadrats in 1988 and 1990 only. The seedlings of all study species were censused in the transects in 1988 , 1990 . The 1996 census included 392 seedlings randomly selected from the seven study species, with the objective of sampling 25-75 seedlings per species (Table 1) . Due to the subsampling procedure used in 1998, it was impossible to examine changes in seedling densities that may have resulted from the 1998 drought. Seedlings from this set were also assessed for rates of herbivory, leaf life spans and changes in above-ground biomass for the 1996-1998 census interval (Delissio & Primack, in preparation) .
Canopy assessment
Light environments were assessed for 84 seedlings randomly selected from the five study species with the largest population sizes (A. borneensis, D. globosus, M. parvifolia, S. beccariana and W. moultonianum) . These species did not occur in Plot 2, so light measurements refer to Plots 3, 4 and 5 only. These 84 seedlings were randomly selected from the set of seedlings described above, with the objective of sampling 10-20 seedlings per species (Table 1) . Each seedling's light environment was recorded through the use of hemispherical photography during the 1996 and 1998 field seasons. For seedlings that were dead at the 1998 census, a light measurement was recorded at the seedling's former location and height. A Pentax K1000 camera with a Sigma hemispherical lens was mounted on a tripod directly over the apex of each seedling. The digitized images were analysed using Solarcalc software for the Macintosh (Chazdon 1992 , Chazdon & Field 1987 .
Weighted canopy openness (WCO) and the length of direct irradiance per day (min d ) (LDI, also referred to as MDIR in Chazdon 1992 , Chazdon & Field 1987 , Nicotra et al. 1999 were calculated. WCO is a measure of diffuse light that is more sensitive to gaps that are directly overhead (Nicotra et al. 1999) . LDI represents the amount of light received by a seedling as a weighted average over 10 d (solar tracks). Neither of these measures accounts for a likely decrease in light availability caused by hazy conditions that occurred in this region during the end of the drought (Cao 2000 , Laumonier & Legg 1998 . , and the 3-mo SAR for January 1987-March 1987 was 93 mm mo −1 (M. Nakagawa, unpubl. data; Nakagawa et al. 2000) . The 1986 The -1988 census intervals for individual seedlings included 4 mo with drought and 19-20 mo without drought. There were no periods of slight or severe drought during the 1988-1990 census interval (Nakagawa et al. 2000) .
Census dates and drought
A slight drought plus a severe drought (3 mo SAR < 50 mm) both fell within the 1996-1998 census interval. The slight drought (3 mo SAR = 95 mm) occurred from March-May 1997 (Nakagawa et al. 2000) . The severe drought (mean monthly rainfall = 46 mm) occurred from January-March 1998 (Nakagawa et al. 2000) . In contrast, the mean monthly rainfall for January-March, based on 14 y of data prior to the drought, was 192 mm (Nakagawa et al. 2000) . The severe 1998 drought was associated with an El Niño Southern Oscillation (ENSO) event. The census intervals for individual seedlings from 1996-1998 included 3 mo with slight drought, 3 mo with severe drought and 18-21 nondrought months.
Analytical techniques
In order to address issues of repeated measures while comparing mortality and incidence of height loss across census intervals, the data set was subsetted such that a unique set of transect segments was considered for each census interval. For example, for the 1986-1988 census interval, seedlings in the 1st, 4th and 7th sections of the first transect of each plot were included, while for the 1988-1990 census interval the 2nd, 5th and 8th sections of the first transect were included (Table 1 ). The order of the sections selected for a census interval alternated between transects within a plot. Regression analyses that contrasted parameters across census intervals employed these subsets, as did calculations of these parameters by census interval for pooled data. After subsetting, the 1986-1988 and 1996-1998 census intervals had low sample sizes of E. tapos. For this reason, E. tapos was excluded from regression equations that predicted mortality or height loss across census intervals when species was included as an independent variable. The entire sample (not subsetted) was used for comparisons and calculations within census intervals.
Mortality rates for heterogeneous populations have been shown to decrease artificially with increasing duration of census intervals (Sheil & May 1996) . The artificial decrease occurs because high-risk individuals tend to die early in the census interval, leaving those individuals with a lower risk of mortality. For this reason, only census intervals of roughly equal lengths were employed for comparisons involving mortality. Mortality rates were calculated as mortality per year, m, where m is defined as:
in which N 0 and N 1 are respectively the number of seedlings of a given species that are alive at the beginning and end of a time interval, t. This formula provides the most appropriate measure of annual mortality rates for situations in which mortality rates are high, as would be expected for seedlings, especially during a drought (Sheil et al. 1995) . The time interval t was defined as the arithmetic mean of the time between census measurements for the individual seedlings of each species (cf. Condit et al. 1995) . Exact census dates were recorded for each seedling and were utilized in the calculation of t. Values of t within a set of seedlings did not differ by more than 44 d. The normal approximation to the binomial variance was used to calculate 95% confidence limits for the absolute number of seedlings that died, which was then used to calculate limits for mortality rates (cf. Condit et al. 1995) .
Standard least-squares regression was used to predict the natural logarithm of WCO or the natural logarithm of LDI from census year, plot, species and the natural logarithm of seedling height (ln height). A Wilcoxon signedrank test for paired differences was used to test for changes in WCO and LDI from 1996-1998 , for all plots combined, and on a plot by plot basis. In addition to mortality, the incidence of height loss was examined because it could be a more sensitive indicator of water stress or breakage caused by falling debris. Nominal logistic regression models were used to predict mortality or the incidence of height loss from multiple factors, including species, plot, ln height, and change in WCO. Nominal regression is a method of maximum likelihood estimation where the basic random variable of interest is a dichotomous variable with a binomial distribution. Chi-square tests were used to compare the frequency of mortality across census intervals, and to predict mortality or the occurrence of height loss within census intervals from the categorical variables of species and plot. All statistical tests were performed using JMP statistical software package for the Macintosh (SAS Institute Inc. 1998).
RESULTS
Seedling canopy environment
The least-squares regression predicting the natural logarithm of weighted canopy openness (ln WCO) from census year, plot, species and the natural logarithm of seedling height (ln height) was highly significant (R 2 = 0.173, n = 168, df = 7, P < 0.0001). Similarly, the regression predicting the natural logarithm of min direct irradiance d in 1996 (ln LDI 1996) from census year, plot, species, and ln height was highly significant (R 2 = 0.293, n = 168, df = 7, P < 0.0001). In both cases, census year and plot were the only significant independent variables. The increases in each of these measures indicate a potential increase in light availability from 1996-1998. For all species in all plots combined, the median WCO in 1998 was 1.23 times the median WCO in 1996, and the median LDI 1998 was 1.28 times the median LDI in 1996 (Figure 1) . For individual seedlings, the values for WCO in 1996 and in 1998 lay in the range 5-18% and 3-27% respectively. LDI in 1996 and in 1998 was 27-118 min, and 28-366 min, respectively. In both 1996 and 1998, median values for WCO and LDI were highest in Plot 4, which runs along a ridge and along a trail in places (Table 2) .
Seedling demographies
Mortality rates The logistic regression model predicting seedling mortality from census interval, plot, species and ln height, was statistically significant (χ 2 = 114, df = 8, P < 0.0001), with all independent variables making a significant contribution to the model. Mangifera pentandra was considered separately because it occurred only in Plot 2. The logistic regression model predicting M. pentandra seedling mortality from ln height and census interval was not statistically significant (χ 2 = 5.47, df = 3, P = 0.141). Both the 1996-1998 census interval that included both a slight and a severe drought (SVD), and the 1986-1988 census interval that included a slight drought (SLD), had a significantly greater frequency of mortality than did the 1988-1990 census interval that included no drought (ND) (ND vs. SVD: χ 2 = 4.27, df = 1, P = 0.039; ND vs. SLD: χ 2 = 10.3, df = 1, P = 0.001) (Figure 2a ). There was no difference between mortality in the SLD and SVD census intervals (χ 2 = 0.80, df = 1, P = 0.362). The SLD, ND and SVD census intervals had overall mortality rates of 7.3% y −1 , 4.9% y −1 and 8.2% y −1 respectively (Table 2) . Mortality differed by plot in the SLD census interval Figure 1 . Distribution of weighted canopy openness (%) (WCO) and length of direct irradiance (min d −1 ) (LDI) before (a, b) and after (c, d) a 1998 drought at Lambir Hills National Park. The first set of canopy photographs was taken in the summer of 1996. The second set of canopy photographs was taken in the summer of 1998. Individuals in diagonal stripes in 1996 are also in diagonal stripes in 1998 to demonstrate the change in the spread of WCO or LDI for those seedlings which were under relatively closed canopy in 1996. The numbers on the x-axis indicate the beginning of each interval. For example '2.5' indicates 2.5-2.9% WCO. N is the number of hemispherical photographs taken both years in each plot. * P ͨ 0.05, ** P ͨ 0.01 (χ 2 = 83.3, df = 3, P < 0.0001), and in the ND census interval (χ 2 = 95.2, df = 3, P < 0.0001). However, the proportion of seedlings surviving the SVD census interval was not significantly different by plot (χ 2 = 3.65, df = 3, P = 0.301). Mortality rates by plot ranged from 5% (Plot 5) to 26% (Plot 2) in the SLD census interval, from 4% (Plot 4) to 10% (Plot 5) in the ND census interval, and from 9% (Plots 3, 4 and 5) to 19% (Plot 2) in the SVD census interval (Figure 3a) .
Mortality differed by species within the SLD and ND census intervals (SLD: χ 2 = 101, df = 6, P < 0.0001; ND: χ 2 = 410, df = 6, P < 0.0001) (Figure 4a) . However, the proportion of seedlings surviving the SVD interval was not significantly different by species (χ 2 = 10.0, df = 6, Table 1 for census interval abbreviations. P = 0.123). The ranges of mortality rates within each census interval were SLD: 3% (A. borneensis and M. parvifolia) to 26% (M. pentandra); ND: 1% (M. parvifolia) to 21% (E. tapos); and SVD: 6% (A. borneensis) to 18% (M. pentandra).
Mortality differed by ln height within each of the three census intervals (SLD: χ 2 = 123, df = 1, P < 0.0001; ND: χ 2 = 355, df = 1, P < 0.0001; SVD: χ 2 = 34.6, df = 1, P < 0.0001). For nearly every species, regardless of census interval, the median initial height of the seedlings that survived was greater than the median initial height of the seedlings that died (Table 3) . For every species, the proportional difference in height between seedlings that survived and seedlings that died during the SVD census interval was at least as great as that during the SLD or ND census intervals, indicating a disproportionate advantage for the tallest seedlings in the severe 1998 drought.
As the change in WCO from 1996-1998 and the change in LDI over the same time interval were correlated (r = 0.824, df = 1, P < 0.0001), only change in WCO was used as an independent variable in equations predicting seedling mortality or height loss over the SVD census interval. For the set of seedlings with WCO measurements, the logistic model predicting mortality from change in WCO (WCO 1998 −WCO 1996 ), plot, species and ln height was statistically significant (χ 2 = 28.4, df = 7, P = 0.0001). Only change in WCO and ln height were significant independent variables; seedlings that had an increasingly positive change in WCO or greater initial height also had an increased likelihood of seedling survival. For the seedlings that survived, the seedling that showed the greatest loss in WCO from 1996-1998 had a decrease in WCO of 5.2%. The surviving seedling that showed the greatest increase in WCO from 1996-1998 had an increase in WCO of 17.9%. For those seedlings that died, the change in WCO ranged from a decrease of 5.9% to an increase of only 8.8%.
Occurrence of height loss
The logistic regression predicting height loss from census interval, plot, species and ln height was statistically significant (χ 2 = 59.6, df = 8, P < 0.0001), with census interval, species and ln height making significant contributions to the model. Elateriospermum tapos was not considered in this model because no E. tapos seedlings lost height in the SLD census interval. Mangifera pentandra, which occurred only in Plot 2, was considered separately. The nominal regression model predicting the occurrence of height loss for M. pentandra seedlings from ln height and census interval was statistically significant (χ 2 = 8.98, df = 3, P = 0.030) with only census interval making a significant contribution to the model.
The proportions of seedlings suffering height loss were 12% (SLD), 20% (ND) and 28% (SVD) (Figure 2b ). The proportion of surviving seedlings showing height loss was significantly greater in the SVD census interval than in the SLD census interval at the P = 0.05 level (χ 2 = 17.5, df = 1, P < 0.0001), and significantly greater than the proportion of seedlings showing height loss during the ND census interval at the P = 0.01 level (χ 2 = 3.08, df = 1, P = 0.080) (Figure 2b ). Other non-drought factors and interactions were also important, as the incidence of height loss was significantly greater in the ND census interval than in the SLD census interval (χ 2 = 24.7, df = 1, P < 0.0001).
The proportion of seedlings exhibiting height loss differed significantly across plots in the SLD and ND census intervals (SLD: χ 2 = 61.5, df = 3, P < 0.0001; ND: χ 2 = 16.4, df = 3, P = 0.001). In the SLD census interval, the incidence of height loss ranged from 9% in Plots 2 and 4 to 22% in Plot 3. During the ND census interval, it ranged from 13% (Plot 3) to 23% (Plot 2). It did not differ by plot in the SVD census interval (χ 2 = 4.0, df = 3, P = 0.256). In the SVD census interval, the lowest incidence of height loss was in Plot 5 (28%) and the greatest incidence of height loss in Plot 2 (41%) (Figure 3b ). The proportion of seedlings surviving with height loss differed between species within the first two census intervals (SLD, E. tapos excluded: χ 2 = 18.3, df = 5, P = 0.003; ND: χ 2 = 59.9, df = 6, P < 0.0001) but not in the final census interval (χ 2 = 10.3, df = 6, P = 0.114) (Figure 4b ). For every species, the greatest incidence of height loss occurred in the SVD census interval. The proportion of seedlings with height loss ranged from 0% (E. tapos) to 20% (A. borneensis) in the SLD census interval, 10% (E. tapos) to 34% (A. borneensis) in the ND census interval and from 12% (E. tapos) to 41% (M. pentandra) in the SVD census interval.
During all three census intervals, incidence of height loss differed by ln height (SLD: χ 2 = 36.3, df = 1, P < 0.0001; ND: χ 2 = 31.3, df = 1, P < 0.0001; SVD: χ 2 = 5.82, df = 1, P = 0.016). During all census intervals, the seedlings that lost height tended to be taller initially, except for the seedlings of M. pentandra during the SLD census interval, and A. borneensis during the ND census interval, for which the opposite was true (Table 3) .
DISCUSSION
One of the most severe droughts of the twentieth century in an aseasonal tropical rain forest at LHNP caused an opening of the forest canopy, and had a significant impact on the performance of the shade-tolerant seedlings of canopy trees. This 1998 drought was associated with increased seedling mortality, and an increased incidence of seedling height loss. Through differential effects on seedlings of differing species and sizes, drought may affect the species population densities and stand structure of the seedling bank in this forest.
Significant increases in weighted canopy openness and length of direct irradiance occurred during the severe 1998 drought, a drought that also caused increased tree mortality (Nakagawa et al. 2000) . Increasingly positive changes in canopy openness were associated with an increased likelihood of seedling survival. However, as there was a net increase in seedling mortality during this period, the positive impact of canopy die-back on seedling success was probably counteracted to some extent by the otherwise poorer growing conditions created by the drought, probably water stress. Also, falling debris from a canopy that was dying back may have caused increased seedling stem breakage, as indicated by the high incidence of height loss in the 1996-1998 census interval. This height loss may also have contributed to increased seedling mortality (Clark & Clark 1992) .
It could be expected that the regrowth of trees and saplings would soon reduce canopy openness again. This type of transition was recorded for the forest at Barro Colorado Island where a severe El Niño dry season opened the canopy in 1983. The forest at BCI was fully recovered by the time of the following year's rainy season (Leigh et al. 1990 , Smith et al. 1992 . The trees completely recovered their ability to produce and hold leaves (Leigh et al. 1990) , closing the canopy within 1 y of the drought (Smith et al. 1992) .
Our results indicate that the relative ranks of the study species on mortality and the incidence of height loss differ in response to drought. However, in contrast to the mature trees in this forest (Nakagawa et al. 2000) , the seedlings of dipterocarp seedlings did not show a greater proportional increase in mortality as compared with the nondipterocarp seedlings. Rather, the M. parvifolia suffered a disproportionate increase in mortality during the 1996-1998 census interval, with a mortality rate nearly 13 times that in the 1988-1990 (non-drought) census interval. The dipterocarp species, on the other hand, showed mortality rates only 2-4 times those of the non-drought census interval. Similarly, the proportion of seedlings with height loss after the 1998 drought was greatest for M. pentandra with more than a four-fold increase over this measure for the 1986-1988 census interval. This result, therefore, is more similar to that of Cao (2000) who found that in the Bornean heath forest during the 1998 drought, water stress in tree seedlings was more evident in the non-dipterocarp than in the dipterocarp species.
In this forest, tree species distributions are related to small scale differences in soil types, in some cases apparently due to differences in soil moisture (Palmiotto 1998) . These distributions may be the result of differential mortality at the seedling stage. However, although the plots differed by soil types, there was no clear trend in mortality rates or height loss to tie the effects of drought to plot.
While shorter seedlings were less likely to survive, they were also less likely to lose height. This apparent contradiction may be explained if shorter seedlings are more likely to die as a result of the height loss, and so are counted as dead rather than alive with height loss. During dry periods, plants are thought to rely on water available from deep within the soil profile (Jipp et al. 1998) . Smaller individuals are expected to be more sensitive to water stress than would be larger tree-sized individuals. The relatively shallow and less extensive root systems of seedlings may limit access to soil water in a patchy environment (Hartshorn 1992) . From the results of our study, it appears that the disadvantage of small size is accentuated during severe drought.
Even during the 1996-1998 census interval, which included both slight and severe droughts, seedling mortality rates were well within seedling mortality rates reported for this and other mixed dipterocarp rain forests in periods of slight or no drought. In another study at LHNP, showed a mortality rate of 6% y −1 for D. globosus seedlings, and mortality rates of 15-34% y −1 for the seedlings of other dipterocarps, for the period of 1991-1993 which included a slight drought (Nakagawa et al. 2000) . In our study, D. globosus seedlings had mortality rates of 3.9-8.6% y −1
. Another study showed mortality for shade-tolerant tree seedlings in Peninsular Malaysia of approximately 5-18% (Turner 1990) , and dipterocarp seedlings under closed forest in northern Borneo had mortality rates of up to approximately 15% y −1 (Brown & Whitmore 1992) . Across census intervals, mortality rates in our study species ranged from 1-31% y −1
. The relatively low mortality rates observed during the drought may indicate that these long-lived and resilient seedlings are adapted to survive through rare climatic events (Brünig 1969 , Delissio et al., 2002 .
Multiple factors complicated the analysis of the impact of the drought. It is possible that unobserved seedling establishment events just prior to the initiation of this study were associated with the relatively high mortality rates for M. pentandra and W. moultonianum in the initial census interval. The relatively high mortality rate for E. tapos in the non-drought census interval was likely to be due to the high mortality of new seedlings that were established prior to the 1988 census. Likewise, some of the increased mortality for A. borneensis and S. beccariana in the severe drought census interval can be attributed to their large numbers of new seedlings at the 1996 census. Haze during the latter part of the drought may have reduced the loss of water through evapotranspiration and thus reduced water stress (Cao 2000) . Moreover, approximately 83% of the 1986-1988 census interval, and 76% of the 1996-1998 census interval were composed of nondrought months. Our results suggest that non-drought factors that were not quantified in this study also play an important role in the performance of seedlings in the understorey. More studies of the impact of drought on tree seedlings will be required in order to clarify these points. The fact that we were able to show significant effects in spite of these confounding factors suggests that the actual effect of drought on seedling demographics was substantial. Tree seedlings may be sensitive indicators of the impact of global climate change on tropical forests.
